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INTRODUCTION. 

The  subject,  DISCHARGE  OF  WATER  THROUGH  DEMERGED 
ORIFICES,  is  one  upon  w  ich  but  little  experimental  work 
has  been  done  as  compared  with  the  free  discharge  of  water 
through  orifices  into  air.     It  is  strange  that  this  should 
be  so  considering  the  number  of  important  uses  for  submerged 
orifices.     At  the  present  tine  submerged  orifices  are  used 
for  measuring  or  estimating  the  flow  of  water  to  and  from 
filter  beds,  reservoirs,  and  from  canals  to  power  plants. 
They  are  often  used  too,  but  not  as  a  measuring  device,  for 
tide-gates,  and  for  the  discharge  of  waste  water  .through  dams. 

Previous  experiments  on  this  subject  have  generally- 
been  made  for  the  purpose  of  determining  the  coefficients  of 
discharge  for  effective  heads  of  0.5  ft.  or  over,  but  as 
lower  heads  than  these  are  very  often  used  there  is  need  for 
data  with  low  heads. 

Some  experimenters  in  this  line  of  work  state  that 
Is     the  coefficient  of  discharge  for  a  submerged  orifice  is  the 
same  as  the  coefficient  of  discharge  for  an  orifice  discharg- 
ing freely  into  the  air.     Others  say  that  the  coefficients 
are  from  2<?o  to  5$  less  than  for  free  discharge.     To  find  which 
of  these  two  views'  is  correct  and  to  determine  the  value  of 
coefficients  for  low  heads  form  the  main  objects  of  this 
thesis. 

Experiments  of  interest  along  this  line  were  first 
carried  on  by  James  B.  Francis  in  1854,  and  again  by  Hamilton 
Smith  Jr.  in  1384. 
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The  order  of  presentation  In  this  thesis  will  be  as 
follov/s:-  I.  Theory;     II.  Methods  of  Experimentation;  III. 
Sources  of  Error;     IV.    Plates  and  Tables;     V.  Discussion 
Of  Results  and  Conclusions. . 
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I. 

THEORY. 

The  effective  head,  or  head  which  causes  the  flow 
of  water  through  a  submerged  orifice,  is  the  difference  in 
level  between  the  water  on  one  side  of  the  orifice  and  that 
on  the  other,     This  head  in  producing  the  discharge  is  used 
up  in  two  ways,  1st.  by  entrance  head  which  relates  to  the 
contraction  and  expansion  of  the  stream,  and  2nd.  by  giving 
velocity  to  the  stream.     The  equation  which  shows  the  above 

2-2.  "2- 

relation  ioh=m^+         ,  or  hs  (m-H)        ,  h  is  the  head 

j        J  1  z 

on  the  orifice,  or  head  causing  the  floi  .  Yn  represents 
the  head  used  up  in  entrance  expansion  and  losses,  and 
represents  the  head  giving  velocity.     In  the  equation  V  is 
the  average  velocity  through  the  orifice  in  feet  per  second, 
£j  is  the  acceleration  due  to  gravity,  taken  as  32.?,  ft.  per 


second,  and  ni  is  the  coefficient  of  loss  due  to  entrance. 


The  term  ^3  is  commonly  termed  "velocity  head".     The  value 


for  mis  obtained  from  the  expression  Yn - tt*.- I  (See  Merriman's 
Hydraulics,  Art. 85,  1905  Edition)  Where  c  is  the  coefficient 
of  discharge  and  is  obtained  by  dividing  the  actual  discharge 
by  the  ideal  discharge  which  is  a ITslqFi     ,  '    ere  a  is  the 
area  of  the  orifice. 

The  value  of  c  may  be  determined  from  the  equation 
C=   ,f   -  '.  here  q  is  equal  to  the  actual  discharge  in  cubic  feet 
per  second.     This  equation  may  be  written  c=  ^ 


In  this  thesis  the  value  of  m  which  results  from  the 
experimental  work,  has  not  been  calculated.    All  other  mem- 
bers of  the  equations  £iven  have  been  determined,  as 
accurately  as  possible. 


II. 

METHODS  OF  EXPERIMENTATION. 

In  all  the  experiments  here- in  described,  the  ori- 
fices used  were  made  of  oast  iron  plates  1-2  inch  thick,  with 
the  opening  cut  out  of  the  center.     The  orifices  tested  were 
of  different  shapes,  some  being  circular,  some  square,  and 
still  others  rectangular.     All  plates  had  the  orifice  hole 
leveled  from  one  face  to  the  other  at  an  angle  of  45°.  (See 
Plate  II  for  general  form  of  orifices.  ) 

These  plates  fitted  in  the  lower  central  part  of 
the  partition  of  the  orifice  box.     This  partition  was  so 
constructed  that  it  was  water  tight  except  for  the  orifice. 
Plate  I  gives  the  plan  and  end  view  of  the  orifice  box. 

Water  was  admitted  into  the  tank  through  a  6 -inch 
pipe,  flowed  through  baffle  boards  into  compartment  A,  then 
through  the  orifice  into  compartment  B,v  and  out  through  two 
vertical  openings  in  the  end  of  the  box.     From  there  an  8- 
inch  galvanized  iron  pipe  led  to  the  measuring  pit.  The 
vertical  openings  were  covered  by  baffle-boards  which  kept 
the  water  at  any  desired  height.     In  these  baffle-boards 
were  holes  in  which  corks  were  placed  or  removed  according 
to  the  desire  to  decrease  or  increase  the  discharge.  In 
experimenting  with  some  of  the  small  orifices  it  was  found 
necessary  to  nail  sacks  around  the  boards  in  order  to  ob- 
tain a  very  small  discharge. 
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The  difference  in  level  in  the  two  compartments,  which  is 
known  as  the  discharge  heal,  or  head,  causing  the  flow,  waa 
measured  by  means  of  two  vertical  glass  tubes,  one  connected 
with  one  compartment,  and  the  other  connected  with  the  second 
compartment ,  and  fastened  one  on  each  side  of  a  scale  read- 
ing to  millimeters  as  shown  in  Plate  I. 

The  water  discharged,  was  measured  in  a  circular 
concrete  pit  7.995  feet  in  diameter  and  about  6  feet  deep.  A 
float  and  level  rod  graduated  to  hundreds  of  a  foot 
were  used  in  measuring  the  rise  in  the  pit. 

A  set  of  experiments  consisted  of  readings  taken 
with  various  effective  heads,  most  of  them  being  under  0.5 
feet.     In  making  these  experiments  the  water  was  wasted 
until  running  at  a  steady  head,  then  was  measured  for  a 
period  rangeing  from  100  to  900  seconds,  and  wasted  again. 
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III. 

SOURCES  OF  ERROR. 
The  probable  sources  of  error  which  arose  are  as 

follows : - 

The  diameter  assume!  for  the  pit  is  that  used  by 
Mr.  C.  C.  Wiley  ('04  University  of  Illinois,)  in  his  ex- 
periments.    It  was  the  means  of  thirty  readings  carefully 
taken.     The  largest  variation  from  the  means  of  these  ex- 
periments was  0.008  feet.     Hence,  the  maximum  error  will 
not  be  over  O.lO^j. 

In  measuring  with  the  float  and  level  rod  the 
greatest  variation  in  reading  would  not  exceed  .01  ft.  Hence 
the  maximum  error  would  occur  where  the  smallest  ri^e  in  the 
pit  (0.49  ft.)  was  recorded.     This  case  would  give  a  maximum 
err-or  of  2.04c'j.     This  was  an  exceptionally  low  rise  the 
average  rise  being  about  1.00  ft.  thus  reducing  the  error 
to  about  1.00$. 

The  water  in  the  measuring  tubes  stood  quite  still 
as  a  rule  and  an  effort  was  male  to  read  the  level  to  half 
a  millimeter  or  ,0016  ft.     Therefore , with  the  smallest  head 
(  0.085  ft.)  the  maximum  error  would  o.;cur.     This  error  would 
then  be  1.88$.     The  average  error  from  this  source,  however, 
would  amount  to  a  great  deal  less  than  this.     For  example, 
for  a  head  of  .2?5  ft.  the  error  would  be  0.71$. 


& 


All  tine  measurments  were  taken  with  an  ordinary 
watch  to  the  nearest  second.     The  shifting  of  the  pipe  took 
about  half  a  second,  consequently  the  maximum  error  would 
occur  when  the  shortest  time  100  seconds  was  used.  This 
would  give  a  maximum  error  of  0.50<;j. 

All  of  these  maximum  errors  would  not  occur  at  the 
same  time.     Besides  it  is  the  square  root  of h  and  noth  itself 
which  occurs  in  the  results  so  that  the  greatest  error  under 
low  heads  probabl^r  does  not  exceed  4.5^.     In  the  later  tests 
made,  where  the  time  was  greater  and  the  rise  in  pit  larger, 
the  total  error  would  probably  in  no  case  exceed  1.25$. 
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IV. 

EXPLANATION  OF  TABLES  AND  PLATES. 
The  tables  and  plates  given  are  arranged  as 

follows :  - 

Table  I    gives  the  general  results  of  all  the  ex- 
periments m^d^,  including  the  readings  taken  and  coefficients 
deduced. 

Table  2  gives  the  values  of  the  coefficients  of 
discharge  for  the  various  orifices  experimented  with  under 
different  heads  as  taken  from  the  curves. 

Table  3    shows  the  velocity  of  the  water  flowing 
through  the  various  orifices,  under  different  heads* 

PlF.te  I    shows  a  cross  section  and  end  view  of  the 
orifice  box  used  throughout  the  experiment s. 

Plate  n   gives  the  general  form  of  orifice  plate 
used  in  the  experiments,  with  dimensions. 

Plate  III  contains  photographs  of  the  orifice  box 
used,  the  measuring  pit,  and  the  general  arrangement  of  the 
apparatiis . 

Plate  32  to  IK   contain  curves  showing  the  relation 
between  the  coefficient  of  discharge  (c)  and  the  effective 
head  (h)  for  the  six  different  orifices.     They  also  show 
curves  plotted  from  values  obtained  by    Hamilton  Smith  Jr. 
in  1384  for  free  discharge. 

Plate  X  shows  a  comparison  of  the  different  co- 
efficients of  discharge  ^or  the  different  shaped  orifices. 


V. 

DISCUSSION  OF  RESULTS  AMD  0 ONCLUSSI ONS . 

Prom  the  data  experiment ally  determined,  the 
following  conclusions  may  be  drawn:- 

(1)  Of  the  two  series  of  experiments  performed  on 
some  of  the  orifices,  the  results  of  the  second  set  are  to 
be  relied  upon  to  a  far  greater  extent  than  those  of  th€ 
first.     This  is  due  to  the  fact  that  the  first  series  were 
performed  with  only  a  small  rise  of  water  in  the  measuring 
pit,  while  in  the  other  set,  a  rise  from  two  to  three  times 
as  great  was  used.     Consequently  there  was  not  such  a  pro- 
bability of  error  and  wide  range  of  values  for  coefficients. 

(2)  The  separate  orifice  curves  contained  in 
Plates  IY  to  3X represent  the  most  probable  values  of  the  co- 
efficients of  discharge  for  the  submerged  orifice. 

(3)  Without  any  exception  the  diagrams  appear  to 
be  straight  linen  for  heads  of  0.2  ft.  or  over.     For  heads 
between  0.1  ft.  and  0.2  ft.  the  rise  in  coefficients  is  very 
small,  the  extreme  case  being  .004. 

(4)  The  curves  plotted  on  Plate  ~X.  show  that,  the 
larger  the  opening  in  the  orifice  the  smaller  the  coefficient 
of  discharge.     Thus  there  is  a  range  of. 013  between  a  6 -inch 
and  a  2 -inch  circular  orifice.     For  the  square  ones  the  same 
is  true,  there  being  a  difference  of  .009  between  a  2-inch 
and  a  4- inch.     From  the  one  rectangular  orifice  experimented 
with  it  can  be  plainly  seen  that  this  orifice  gives  the 


largest  coefficients  of  dischc rge.     Thin  is  shown  by  the 
fact  that  the  principal  contraction  is  on  two  sides  of  the 
orifice.     The  values  obtained  frcm  this  orifice  were,  on 
an  average  of  1.62%  higher  than  for  orifices  with  a  much 
smaller  opening*     Scarcely  any  difference-  is  shown  between 
the  coefficients  of  a  circular  orifice  and  a  square  shaped 
orifice.     This  seems  rather  odd  as  we  naturally  expect  a 
larger  coefficient  for  the  square  than  for  the  circular 
since  there  is  less  contraction  on  the  former  than  on  the 
latter. 

(5)    Coefficients  of  discharge  for  submerged 
orifices  are  undoubtedly  larger  than  those  for  free  dis- 
charge.    A  comparison  of  the  curves  on  Plates  3Y  to  IX  readily 
show  this.     The  coefficients  of  discharge  as  determined 
from  these  experiments  are  from  1.67$  to  0.53%  larger  than 
for  free  discharge  through  orifices  of  the  same  shape  and 
size  as  determined  by  Hamilton  Smith  Jr.  in  1834.     In  only 
one  case  are  the  values  given  here  smaller  than  those  for 
free  discharge,  that  being  for  the  4* inch  square  orifice 
where  the  values  for  submergence  are  0.49$  less.     This  can 
only  be  accounted  for  by  a  constant  error  in  determining  the 
values  for  the  4 -inch  square,  but  even  this  seems  hardly 
probable,  as  the  results  determined  were  more  nearly  constant 
than  for  any  other  orifice.     A  difference  of  1.0$  is  pro- 
bably a  safe  average  for  values  of  submerged  and  free  dis- 
charging orifices. 


Hamilton  Smith  Jr.  has  probably  done  the  greatest 
amount  of  experimenting  to  date  in  this  line,  hut  in  no  case 
has  he  determined,  values  for  effective  heads  undei  0.5  ft. 

Work  of  this  kind  is  very  interesting  and  there  is 
undoubtedly  a  great  deal  of  work  which  may  yet  he  lone  along 
this  line. 
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Diagram  showing  relation  between 
Submerged  Orifices  of  "Different  Shapes 

and  the\r 
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